Recent studies established that the planar cell polarity (PCP) pathway is critical for various aspects of nervous system development and function, including axonal guidance. Although it seems clear that PCP signaling regulates actin dynamics, the mechanisms through which this occurs remain elusive. Here, we establish a functional link between the PCP system and one specific actin regulator, the formin DAAM, which has previously been shown to be required for embryonic axonal morphogenesis and filopodia formation in the growth cone. We show that dDAAM also plays a pivotal role during axonal growth and guidance in the adult Drosophila mushroom body, a brain center for learning and memory. By using a combination of genetic and biochemical assays, we demonstrate that Wnt5 and the PCP signaling proteins Frizzled, Strabismus, and Dishevelled act in concert with the small GTPase Rac1 to activate the actin assembly functions of dDAAM essential for correct targeting of mushroom body axons. Collectively, these data suggest that dDAAM is used as a major molecular effector of the PCP guidance pathway. By uncovering a signaling system from the Wnt5 guidance cue to an actin assembly factor, we propose that the Wnt5/PCP navigation system is linked by dDAAM to the regulation of the growth cone actin cytoskeleton, and thereby growth cone behavior, in a direct way.
Introduction
To form functional neuronal circuits, neurons send out axons and dendrites to defined target sites where they make synaptic connections. Proper navigation of axons is governed by attractive and repulsive guidance cues through the modulation of cytoskeletal dynamics in the axonal growth cones (Chilton, 2006; Lowery and Van Vactor, 2009 ). In addition to the classical Ephrin, Semaphorin, Netrin, and Slit guidance systems (Huber et al., 2003) , morphogens, such as Wnts, are also key regulators of growth cone behavior (Yam and Charron, 2013) . Wnt proteins signal through canonical and noncanonical pathways, of which the noncanonical Wnt/planar cell polarity (PCP) pathway guides axons in various types of neurons (Yam and Charron, 2013) . However, the molecular mechanisms of the PCP system during neuronal development are poorly understood.
PCP is an important aspect of differentiation when cells acquire a coordinated polarization within the plane of a tissue. PCP is regulated by an evolutionary highly conserved signaling pathway initially discovered in Drosophila (Adler, 2002; Goodrich and Strutt, 2011) . The central elements of this regulatory system are the core PCP genes, including frizzled ( fz), dishevelled (dsh), Van Gogh (Vang) (also known as strabismus, stbm), prickle ( pk), and flamingo ( fmi) (also known as starry night, stan) (Adler, 2002; Maung and Jenny, 2011) . In addition to planar polarization, the PCP factors are also involved in the regulation of several aspects of CNS development, including axonal guidance, both in Drosophila and vertebrates Senti et al., 2003; Goodrich, 2008; Wada and Okamoto, 2009; Tissir and Goffinet, 2010) , but the molecular effectors of the core PCP module during neuronal differentiation remain elusive.
Vertebrate studies revealed that a formin type of actin assembly factor (Wallar and Alberts, 2003; Chesarone et al., 2010) , DAAM (Dishevelled Associated Activator of Morphogenesis), is a component of the PCP pathway during gastrulation (Habas et al., 2001) . By contrast, it was shown that the Drosophila ortholog is not required for tissue polarization . Interestingly, however, dDAAM plays a crucial role during axonal growth in embryonic neurons Gonçalves-Pimentel et al., 2011; , which made it a good candidate to link the PCP system to cytoskeleton regulation in the CNS.
Here we show that dDAAM is highly enriched in the neuropile region of the brain, including the newly forming axons of the mushroom bodies (MBs). We report that dDAAM functions together with the core PCP factors and Wnt5 to promote correct projection of the MB axons. Whereas previous studies established that Wnt5 and the PCP pathway act concertedly during axonal development (Shimizu et al., 2011; Ng, 2012) , our results suggest that the PCP navigation system is linked to direct changes in the growth cone actin cytoskeleton through Rac1 and the formin dDAAM. In addition, we propose that, in contrast to the tissue polarity function of DAAM, the axonal guidance function of the PCP/DAAM regulatory module is likely to be conserved during evolution.
Materials and Methods
Fly strains and genetics. recombinant chromosomes were created by standard recombination methods. The dDAAM Ex4 excision allele was generated by remobilization of the P(GawB)NP6041 P-element insertion. A total of 200 dysgenic males were crossed individually to y,w,l(1)/y,w,FM6 females to recover excisions and establish stocks subsequently. Sequence analysis revealed that dDAAM Ex4 carries a 1293 bps deletion affecting the first exon and intron of the predicted dDAAM-PB isoform. Unless indicated, flies were raised at 25°C under standard conditions. Fisher's exact test was used as statistical method to determine the significance of the dominant genetic interaction assays.
To generate single-cell and neuroblast clones in the MB, we used the mosaic analysis with a repressible cell marker (MARCM) technique (Lee and Luo, 1999 FRT80B, hsFLP/ϩ; FRT80B, pupae were heat-shocked at 37°C for 30 min at 50 h after puparium formation. For neuroblast clones, first instar larvae of the same genotypes were heat-shocked at 37°C for 30 min. The morphology of the MB clones was analyzed in flies 3-7 d old.
Immunohistochemistry. Adult, larval, and pupal brains were dissected in cold PBS, fixed in 4% PFA (diluted in PBS) at room temperature for 20 min; primary antibodies were applied overnight at 4°C. After the secondary antibodies and standard washing steps, samples were mounted in PBS:glycerin (1:4). Confocal images were captured on an Olympus FV1000 LSM microscope. Images were edited with Adobe Photoshop 7.0CE and Olympus FW10-ASW. We used rabbit ␣-dDAAM (1:2000) (specificity of which is verified with the dDAAM Ex68-null mutant, shown in Matusek et al., 2006) and mouse ␣-FasII (1:50) (DSHB, 1D4) as primary antibodies, and the corresponding Alexa-488 or Alexa-546 coupled secondary antibodies (Invitrogen).
Western blot. As lysis buffer, we used the solution of 0.1% SDS, 0.2% NaDoc; 0.05% NP40, 150 mM NaCl, and 50 mM Tris-HCl. SDS-PAGE was done according to standard protocols. After blotting, PVDF membranes (Millipore) were blocked in TBSTϩ5% dry milk powder for 1 h at room temperature. Primary antibodies used were rabbit ␣-dDAAM (1: 1000) , and rabbit ␣-glycogen phosphorylase (1: 20,000) (kindly provided by A. Udvardy). Secondary antibodies were ␣-rabbit-HRPO (1:10,000) (Sigma) and ␣-mouse-HRPO (1:5000) (DAKO). For chemiluminescent detection we used a Millipore Immobilon kit.
Plasmids and transfections. For generation of GST fusion proteins, a DNA fragment encoding N-DAAM was subcloned into pGEX-6p-1, whereas the C-DAAM encoding fragment was subcloned into pGEX-2T. For S2 cell transfections, the following constructs were used: pAc5.1-Fz-RFP, pAc5.1-Fz-Flag, pAc5.1-Dsh-myc, pAc5.1-Dsh-GFP, pAc5.1-Vang-Flag, pAWF-dDAAM, and pAWH-dDAAM.
A total of 2 ϫ 10 5 S2 cells per well were plated onto poly-lysine-coated Labtech chamber slides and transfected on the following day with a total of 300 ng DNA using Effectene (QIAGEN) according to the manufacturer's instructions. After 48 h, cells were fixed with 4% PFA for 10 min at room temperature and stained as described previously . The RNAi knockdown experiment was performed according to published protocols (Clemens et al., 2000) . Sequence of the Wnt5 dsRNA was provided by L.G. Fradkin (Petrova et al., 2013) . As negative control, we used a dsRNA targeting bel (a gene with no known function in PCP) (primers: 5Ј-GGATCCTAATACGACTCACTATAGGGCACCAGACCCAAC GGATA-3Ј and 5Ј-GGATCCTAATACGACTCACTATAGGGCCCGAACAT CACATCGTT-3Ј). Primary antibodies used were mouse ␣-Flag M2 (Sigma), mouse ␣-Myc 9E11 (1:500) (Santa Cruz Biotechnology), rat ␣-HA (1:250) (Roche), rabbit ␣-GFP (1:400) (Invitrogen), and rabbit ␣-WNT5 (1:2500) (kindly provided by L.G. Fradkin). Corresponding Alexa-488, -568, and -647 coupled secondary antibodies (Invitrogen) were used at 1:600.
GST pulldown. GST-C-DAAM, GST-N-DAAM, and GST proteins were expressed in BL21 codon ϩ bacterial cells at 18°C. Bacterial cells were harvested and sonicated 3 times with 20 s bursts in PBS at 4°C. After centrifugation the supernatant was added to the beads (Glutathione Sepharose 4B, GE Healthcare) and incubated for 1 h at 4°C. Beads were washed 3 times for 20 min and incubated with a Dsh::Myc-expressing S2 cell lysate for 2 h at room temperature. Beads were then pelleted and washed 3 times. The eluted proteins were analyzed by Western blot. Primary antibody was mouse ␣-Myc 4A6 (1:500) (Millipore). Secondary antibody was ␣-mouse-HRPO (1:5000) (DAKO).
Coimmunoprecipitation. A total of 7 ϫ 10 6 S2 cells were lysed in FAC buffer (50 mM HEPES, 80 mM KCl, 5 mM MgCl 2 , 2 mM EGTA, 0.2% Triton X-100, pH 7.4) containing protease inhibitor mixture (Roche) at 4°C; 10 l of ␣-Myc antibody was added to the lysate and incubated for 3 h at 4°C. After centrifugation 35 l Protein-A Sepharose was added to the lysate and incubated for 1.5 h at room temperature. Primary antibodies were rabbit ␣-Myc A-14 (Santa Cruz Biotechnology) for precipitation; mouse ␣-Flag M2 (1:500) (Sigma) and mouse ␣-Myc 4A6 (1:500) (Millipore) for Western blots. Secondary antibodies were ␣-rabbit-HRPO (1:10,000) (Sigma) and ␣-mouse-HRPO (1:5000) (DAKO).
Image analysis. S2 cell images were acquired in a Leica SP2-AOBS point laser scanning confocal microscope using a 63ϫ 1.4 NA oil-immersion lens. Quantification for colocalization analysis was performed using the ImageJ software (National Institutes of Health) in individual frames after adjusting the thresholds. Colocalization (%) was calculated with the JACoP plugin (Bolte and Cordelières, 2006) of ImageJ using the merged images in each case.
Results

dDAAM expression in the adult brain
To explore whether the formin dDAAM, plays a role in neuronal differentiation outside of the embryonic nervous system, we examined the expression pattern of dDAAM in the larval, pupal, and adult CNSs by antibody staining. We found that dDAAM displays a strong neuronal expression in every stage of development. Within the adult brain, the dDAAM protein was highly enriched over the entire neuropile region (where neurites and synapses are located), whereas it was much less abundant in the cortex (region of the cell bodies; Fig. 1A-BЈ) . One prominent dDAAM expression domain in the neuropile corresponds to the MBs (Fig. 1 B, BЈ) , central brain regions involved in olfactory learning and memory (Heisenberg et al., 1985) , characterized by a well-defined axonal projection pattern (scheme in Fig. 1C ) .
The MBs are composed of three types of neurons called Kenyon cells (KCs): ␥, ␣Ј/␤Ј and ␣/␤ neurons that are born in a specific temporal order . The ␥ neurons are born during the early larval stages, the ␣Ј/␤Ј neurons are born during the third larval instar (L3) stage, and the ␣/␤ neurons are born after puparium formation. Initially, the ␥ neurons project in the medial and dorsal directions. However, during the early pupal stage, these axons become partially pruned and the adult ␥ axons project only medially, forming the ␥ lobe of the MBs (Fig. 1C) . The ␣Ј/␤Ј axons follow the early (unpruned) ␥ axons and bifurcate to form a dorsally projecting ␣Ј and a medially running ␤Ј lobe. Finally, the later forming ␣/␤ neurons project similarly to the ␣Ј/␤Ј KCs but fasciculate into separate bundles forming the ␣ and ␤ lobes (Fig. 1C) . To assess dDAAM expression in more detail, we examined its expression from the early stages of MB development onward. dDAAM was detected in the ␥ neurons already in first instar (L1) larvae, and subsequently during all larval and pupal stages (Fig. 1D-FЈ) .
The protein displayed strong accumulation in the central region of the developing lobes while showing weaker staining at their periphery ( Fig. 1D-FЈ ). The consistently high dDAAM level in the core of the lobes and the peduncle of the MBs suggested that the protein is enriched in the newly projecting axons of the MBs, which are known to run in the middle of the bundles (Verkhusha et al., 2001) . To confirm this, we used the NP6024-Gal4 driver line (Tanaka et al., 2008) in combination with mCD8::GFP to label the central region of the ␣/␤ lobes. In the MBs of young adults, the dDAAM protein is clearly enriched in the middle of the NP6024-positive axons (Fig.  1G,H ) , supporting our conclusion. Together, these data established that, similar to the situation in the embryonic CNS , the dDAAM protein is expressed at high levels in the developing brain and preferentially accumulates in neurites. Importantly, expression in the MBs is highest in the newly projecting axons that may indicate a role in neurite formation. (A) . B, B, The dDAAM protein (red) is present in the MB region of the brain where it displays a strong accumulation in the middle of the lobes (arrows). C, Schematic drawing of the MB comprised of three types of KC, the ␥, ␣Ј/␤Ј, and ␣/␤ neurons (blue, orange, and green, respectively). The KC cell bodies are located in a dorsal posterior position, and they extend axons anterior ventrally that form a massive fiber tract called the peduncle. Whereas the ␥ axons run medially and form the ␥ lobe, the ␣Ј/␤Ј and ␣/␤ axons bifurcate and fasciculate into the dorsally running ␣Ј and ␣ lobes, and the medially running ␤Ј and ␤ lobes. D-F, The dDAAM protein (green) can be detected in the developing ␥ lobes (labeled with FasII staining in red) during the first larval instar stage (L1) (D, D), in the ␣Ј/␤Ј axons during the third larval instar stage (L3) (E, E), and in pupal brains 48 h after puparium formation (APF) (F, F). A dDAAM enrichment is clearly visible in the middle of the MB lobes in all stages (D-F, arrows). G, Confocal image of an MB stained with anti-FasII (green). The ␣ and ␤ lobes and the pedunculus are indicated, as well as the approximate position of the optical cross-sections depicted in H. H, Cross-sections of the ␣/␤ lobes and the pedunculus of the adult MB. The NP6024-GFP marker (green) (NP6024-Gal4/ϩ; UAS-mCD8::GFP/ϩ) labels the middle of the lobes where the newly forming axons run. The dDAAM protein (red) is enriched in the middle of the NP6024-GFP-positive tracts, indicating that the dDAAM accumulation corresponds to the young axons of the MB. dDAAM is required for growth and guidance of the KC axons To address the function of dDAAM during MB development, we examined the axonal projection pattern in dDAAM lossof-function (LOF) mutants. dDAAM-null alleles are lethal . However, the independently created dDAAM Ex1 and dDAAM Ex4 excision alleles ( Fig. 2A ) exhibit a significantly reduced dDAAM protein level in the adult brain ( Fig. 2 B, C) and are homozygous and hemizygous viable ; current study). We thus used these two hypomorphic alleles to assess the effect of reduced dDAAM levels on the structure of the MBs. We visualized the ␥ and the ␣/␤ lobes with a FasII antibody in dDAAM mutant young adult hemizygous males and homozygous females. Axonal projection defects were evident in the mutant MBs that were analyzed in detail in the ␣ and ␤ lobes. The most common phenotypes included shortening, thinning, thickening or absence of the lobes, and misprojection of the axons (Fig. 2D) . Shortening, thinning, and absence were classified as growth defects, whereas thickening and misprojection were classified as guidance defects (see also MARCM analysis). At 25°C, the ␣ lobes exhibited a mutant phenotype in 43% of the MBs in dDAAM Ex1 and in 74% of dDAAM Ex4 mutants ( Fig. 2E ) (unless indicated otherwise, data are shown for males because females exhibited similar defects). In case of the ␤ lobes, the penetrance was 53% in dDAAM Ex1 and 82% in dDAAM Ex4 males (Fig. 2E ). The occurrence of growth versus guidance defects was approximately equal in both lobes in both mutants (Fig.  2E) ; however, the ␤ lobes seemed to be somewhat more sensitive to the lack of dDAAM than the ␣ lobes. By contrast, we detected no evident changes in KC number or dendritic organization in these mutants (data not shown). Consistent with the expression level of the remaining dDAAM protein (Fig. 2 B, C) , the dDAAM Ex4 allele is clearly stronger than dDAAM
Ex1 , yet both alleles appeared suitable for further phenotypic characterization and genetic studies.
To verify that the MB axonal projection defects associated with dDAAM are Figure 2 . dDAAM impairs axonal development in the MB. A, Top, Schematic organization of the dDAAM loci and exon-intron structure of a dDAAM cDNA. The P-element insertion lines, P(GawB)NP6041 and EP (1) Ex4 , and it shows a highly reduced level in dDAAM Ex1 . The 130 kDa band corresponds to the dDAAM protein, whereas the 100 kDa band represents the loading control (␣-glycogen phosphorylase). D, The different type of axonal projection defects exhibited by the ␣ and ␤ lobes of dDAAM mutant MBs. FasII staining (green) is used to label the lobes; a wild-type control on the left shows the dorsally running ␣ lobe and the medially projecting ␤ lobe. E, Quantification of the axonal growth and guidance defects exhibited by dDAAM mutants. Data are provided separately for the ␣ and ␤ lobes. Axonal defects can be almost fully rescued by expressing a UAS-FLDAAM construct with the pan-neuronal elav-Gal4 driver line. ***p Յ 0.0001 (Fisher's exact test). F-I, Confocal images of GFP-labeled ␣/␤ single-cell clones: green represents GFP; red represents FasII. A control single cell clone (F, F) induced in a wild-type background shows the bifurcated axon with a dorsally and a medially running branch. G, G, A dDAAM-null mutant clone, induced in a dDAAM Ex68 /ϩ heterozygous background, also exhibit a wild-type axon morphology. On the contrary, MARCM clones induced in dDAAM Ex4 homozygous mutants often exhibit guidance defects, most typically when both branches run in the same lobe (H, H). In other cases, a growth defect is evident when the axon branches are shorter than in wild-type and fail to reach the normal target area (I, I). The guidance and growth defects sometimes combine, such as in H, H, where both branches fasciculate into the dorsal lobe but one of them terminates earlier than the other (H). The ␣ lobe in H is thicker than in wild-type; and concomitantly, the ␤ lobe is thinner than normal. J, K, Compared with wild-type control due to the lack of dDAAM, rescue experiments were performed with a transgene encoding the full-length dDAAM protein (UAS-FLDAAM ) . First, we examined whether elevated dDAAM levels interfere with neuronal differentiation. We found that the neuronal overexpression of dDAAM had no effect on viability, and affected the axonal projection pattern of the MB in only 2%-3% of the cases (Fig. 2E) . When driving dDAAM expression with elav-Gal4 in a dDAAM Ex1 or dDAAM Ex4 mutant background, the ␣ and ␤ lobe defects were clearly rescued (Figs. 2E, 3B), demonstrating that the MB phenotypes observed are specific to the loss of dDAAM function. Moreover, because the neuron-specific elav-Gal4 is sufficient to rescue the dDAAM phenotype, these data suggest that, in agreement with its protein expression pattern, dDAAM is required only in the neuronal cells of the CNS.
To gain further insights into the axonal projections errors observed at the level of the entire MBs, we used MARCM analysis (Lee and Luo, 1999) to assess the dDAAM-induced axonal phenotypes at single-cell resolution. To begin with, we induced clones positively marked with mCD8::GFP in a homozygous dDAAM Ex4 mutant background. Unlike wild-type control clones (n ϭ 35) (Fig. 2 F, FЈ) , each dDAAM Ex4 mutant neuron (n ϭ 23) exhibited either a guidance defect (e.g., both axon branches running into the dorsal or medial direction) or a growth defect (the formation of shorter branches than in wild-type), or sometimes a combination of the guidance and growth defects ( Fig. 2H-IЈ) . When both mutant axon branches run in the same lobe, we always noted a concomitant thickening of this lobe paralleled with thinning of the other lobe (n ϭ 11; Fig. 2 H, HЈ) .
To extend the MARCM analysis, mCD8::GFP-marked singlecell clones (n ϭ 46) were also induced in a heterozygous dDAAM Ex68-null mutant background.
However, in this case, the single-cell KC clones displayed a wildtype morphology with a single, bifurcated axon ( Fig. 2F -GЈ,L). In addition to single-cell clones, we also induced large neuroblast clones (n ϭ 33) that included up to ϳ200 neurons. Whereas wild-type control clones exhibit a normal morphology (n ϭ 27) ( Fig. 2J ) , 15% of the dDAAM-null mutant clones (n ϭ 33) display abnormal axonal morphology in the MBs (i.e., thinning and/or thickening of the MB lobes) (Fig. 2 K, L) . Together with the phenotypes observed in dDAAM Ex1 or dDAAM Ex4 mutant brains, these results indicate that dDAAM has a cell-autonomous function in the MB; however, the low penetrance of the clonal phenotype may suggests that it also acts non-cell-autonomously. Another formal possibility is that dDAAM negatively affects cell survival and most null mutant clones die, although we think it very unlikely as the nearly protein-null dDAAM Ex4 allele does not affect cell survival, and based on a control experiment, the rate of both single-cell and neuroblast clone production in control and dDAAM Ex68 mutant backgrounds appear similar to each other (data not shown). As a further alternative, we consider that the highly perdurant dDAAM protein Molnár et al., 2014) may provide rescue in the mutant cells that is particularly relevant in single-cell clones, but potentially even larger neuroblast clones can be rescued by low levels of the protein.
Taking the results of the whole MB and the MARCM analysis together, our LOF data suggest that dDAAM is required for both correct growth and guidance of the MB axons.
The actin assembly activity of dDAAM is required for axon growth
In vitro dDAAM behaves as a bona fide formin, possessing actin nucleation and polymerization activity (Barkó et al., 2010). Moreover, it was shown that the dDAAM protein is highly en- The actin assembling activity of dDAAM is required for axon development. A, The structure of the wild-type dDAAM protein, and the position of the I732A mutation impairing actin assembly. The full-length dDAAM protein (FLDAAM) contains several conserved homology domains, including GBD (GTP-ase binding domain), DID (diaphanous inhibitory domain), DD (dimerization domain), CC (coiled-coil region), FH1 (formin homology domain 1), FH2 (formin homology domain 2), and DAD (diaphanous autoinhibitory domain). The position of the I732A (Ile 732 to Ala 732 ) mutation is indicated below. B, Quantification of the MB axonal growth and guidance defects in dDAAM Ex4 mutants expressing various FLDAAM constructs. Pan-neuronal expression (elav-Gal4) of wild-type dDAAM (FLDAAM) rescues the growth and guidance defects exhibited by dDAAM Ex4 almost entirely. The FLDAAM-I732A mutant version, which is unable to promote actin assembly, fails to rescue; instead, it weakly increases the phenotypic defects, indicating a dominant negative effect; and consistently, expression of FLDAAM-I732A in a wild-type background impairs axonal development in ϳ18% of the MB lobes. ***p Յ 0.0001 (Fisher's exact test). *0.005 Ͻ p Ͻ 0.05 (Fisher's exact test). C, Expression level of the dDAAM transgenes used during our studies. A Western blot analysis of adult brain extracts is shown here to demonstrate that the UAS-FLDAAM, UAS-FLDAAM GBD2, and UAS-FLDAAM I732A-Flag transgenes exhibit dDAAM protein levels similar to the endogenous level when expressed pan-neuronally with elav-Gal4 in a dDAAM Ex4 mutant background. The 130 kDa band corresponds to the dDAAM protein, whereas the 100 kDa band represents the loading control (␣-glycogen phosphorylase).
riched in the growth cone periphery of embryonic primary neurons, suggesting that it plays a role in neuronal cytoskeleton regulation in vivo . To address whether dDAAM functions as a molecular effector directly involved in the regulation of the actin cytoskeleton in the MB in vivo, we tested an actin polymerization incompetent dDAAM mutant form (UAS-FLDAAM-I732A) (Fig. 3A) (Molnár et al., 2014) . The I732A point mutation is equivalent to the I845A mutation of the mouse formin mDia1 and the I1431A mutation of the yeast formin Bni1, that was previously shown to disrupt actin binding and assembly in vitro (Xu et al., 2004; Harris et al., 2006; Lu et al., 2007) . In contrast to wild-type dDAAM, FLDAAM-I732A failed to rescue the phenotype of the dDAAM Ex4 mutant (Fig. 3B) . When FLDAAM-I732A was expressed in a wild-type background, it impaired axonal development in ϳ18% of the MB lobes (Fig. 3B) . This may be explained by the fact that dimerization through the FH2 (Formin Homology 2) domain is absolutely necessary for formin function (Xu et al., 2004) and the catalytically inactive mutant may titrate out part of the wild-type protein pool by forming nonfunctional heterodimers. Because the FLDAAM-I732A mutant isoform appears to be present in neurons at levels comparable with wild-type dDAAM (Fig. 3C) , the lack of rescue is unlikely to be due to inappropriate protein levels. Thus, these results indicate that the actin nucleation and polymerization activity of dDAAM is indispensable for axonal growth regulation, and the I732A mutant form has a dominant negative effect in vivo. (Goodrich, 2008; Tissir and Goffinet, 2010) , the PCP factors contribute to growth cone guidance in flies. Given that loss of the core PCP factors results in similar MB phenotypes as to the loss of dDAAM, both in homozygous mutants and in MARCM neuroblast clones where they exhibit comparably weak effects as dDAAM (Ng, 2012), we asked whether dDAAM functionally interacts with the PCP system during development of the MBs. To address this question, dominant genetic interaction tests were performed with dDAAM Ex1 and mutant alleles of fz, Vang, pk, fmi, and dsh. Of these, Vang stbm-6 , pk 30 , and fmi frz3 significantly enhanced the axonal projection defects of dDAAM Ex1 (Fig. 4A) . Consistent with previous data (Ng, 2012), the effect of Vang was stronger in the ␤ lobes, whereas fmi frz3 strongly enhanced the ␣ lobe defects (Fig. 4A) . Meanwhile, pk exhibited no clear specificity for either of the lobes (Fig. 4A) . In the case of the fz 30-null allele, dominant interactions were not evident (Fig. 4A) . However, the hypomorphic fz 20 allele displayed a synergistic enhancement in both lobes in the dDAAM Ex1 ;fz 20 / fz 20 double homozygous mutant combination (Fig. 4B) , indicating a functional link between the two genes. To identify potential genetic interactions with dsh, we crossed dDAAM Ex1 with the viable dsh 1 allele that is known to strongly impair the noncanonical Wnt/PCP pathway but not the canonical Wnt/␤-catenin pathway. Heterozygosity for dsh 1 in a dDAAM Ex1 background clearly enhanced the frequency of the MB axonal defects compared with dDAAM Ex1 homozygous females (quantified in Fig.  4C ). Meanwhile the dDAAM Ex1 , dsh 1 /ϩ double heterozygous mutants exhibited very few, if any, defects (Fig. 4C) the ␣ lobes and 73% of the ␤ lobes (Fig. 4C) . In comparison, the dDAAM Ex1 , dsh 1 double mutants show abnormal ␣/␤ lobes in almost all flies tested (Fig. 4C ). More importantly, careful examination of these mutants revealed that, in 43.8% of the MB hemispheres, the axons fail to project anteriorly and form a ball-like structure in the region of the KC bodies (Fig. 5A-C) , whereas the occurrence of such severe early growth termination phenotypes in single mutants is very low (2.32% in dDAAM Ex1 , 3% in dsh 1 ; Fig. 5C ). Together, these observations support the idea that the core PCP proteins act cooperatively with dDAAM during axonal development in the MBs.
Wnt5 mutants were shown to exhibit a similar type of ␣/␤ lobe defects as the core PCP mutants (Grillenzoni et al., 2007; Shimizu et al., 2011) , and Wnt5 genetically interacts with fz, dsh and Vang (Shimizu et al., 2011) , indicating that Wnt5 may function as a ligand for the PCP pathway during MB development. Supporting this possibility, we found that Wnt5 400 is a strong enhancer of dDAAM Ex1 with respect to the MB axonal growth phenotypes (Fig. 5D) . These results suggest that the Wnt5/PCP pathway governs actin dynamics in the growth cone by activating dDAAM, a formin directly involved in actin regulation, and supports the notion that Wnt5 acts as a PCP ligand in the MB neurons.
dDAAM interacts with Dsh in a Fz-dependent manner in S2 cells
As our genetic assays pointed toward a functional interaction between dDAAM and the PCP system, we sought to identify which PCP protein might interact with dDAAM directly. Given that the founding member of the DAAM formin subfamily was identified as a Dsh-associated protein (Habas et al., 2001 ), Dsh appeared a strong candidate. To assess the potential interaction of Drosophila DAAM and Dsh, a set of biochemical experiments were performed. First, we found that, unlike GST-N-DAAM (the N-terminal portion of dDAAM), GST-C-DAAM (the C-terminal portion of dDAAM) (Fig. 6A ) specifically pulled down Dsh::Myc from S2 cell lysates transfected with a Dsh::Myc-expressing construct (Fig. 6B ). This result is in line with former observations demonstrating that C-DAAM but N-DAAM binds the Dsh ortholog Dvl in vertebrate systems (Habas et al., 2001 ; Liu et al., 2008) . Surprisingly, when dDAAM or Dsh was immunoprecipitated from S2 cells transfected with dDAAM::Flag and Dsh::Myc constructs, no association was detected between the two proteins (Fig. 6C) . Consistently, dDAAM and Dsh failed to colocalize in the cytoplasm of these cells (Fig. 6D -GЉ, quantified in Fig. 6 M, N; dDAAM and Dsh mainly accumulate into cytoplasmic puncta in the double transfected cells). However, given that upon activation of the Wnt/PCP signaling module the cytoplasmic Dsh protein is recruited to the plasma membrane (Axelrod et al., 1998; Boutros et al., 2000) , we assumed that the association of Dsh and dDAAM may depend on the subcellular localization of Dsh. To test this, S2 cells were triple transfected with Fz::Myc, dDAAM::HA, and Dsh::GFP constructs. As expected, the presence of Fz induced the translocation of Dsh to the membrane (Fig. 6 I, J ) , and strikingly dDAAM also showed a marked membrane accumulation and colocalization with both Fz and Dsh (Fig. 6I -L, quantified in Fig. 6 M, N ) . In addition, in the presence of Fz, dDAAM was coimmunoprecipitated with Dsh from triple transfected S2 cell lysates (Fig. 6C) . As a control, we also examined Fz and dDAAM double transfected cells in which Fz was found to be largely membrane-associated, while dDAAM remained mainly cytoplasmic; therefore, only a weak colocalization was detected (Fig. 6H-HЉ , quantified in Fig. 6M,N ). These data demonstrate that, at least in S2 cells, Fz-dependent membrane recruitment of Dsh is required for the formation of a Dsh-dDAAM complex, and Fz alone does not bind dDAAM. Collectively, the genetic interaction and biochemical assays strongly suggest that the Drosophila Dsh and DAAM proteins act concertedly to promote growth and proper navigation of the MB axons.
Given that the putative Fz ligand, Wnt5, was shown to be expressed in S2 cells (Petrova et al., 2013) , we next asked whether the Fz-dependent membrane recruitment and association of Dsh and dDAAM depend on Wnt5. We found that upon silencing of Wnt5, Fz is still able to recruit Dsh to the cell membrane (Fig. 6O) , where Dsh can interact with dDAAM in the presence of Fz, even in the absence of Wnt5 (Fig. 6C) . Hence, Wnt5 does not appear to be critical for activation of Fz when Fz is overexpressed in S2 cells (presumably due to the presence of other ligands or a ligandindependent activation mechanism), and Wnt5 is not a specific activator of Dsh/dDAAM association in this model system. Although these observations argue against Wnt5 playing an impor- in MB neurons remained unclear. To address this question, an epistasis analysis was performed, using an activated dDAAM isoform. Members of the DRF (Diaphanous Related Formin) family, such as DAAM, are regulated by an autoinhibitory mechanism via an intramolecular interaction between the N-terminal and extreme C-terminal autoinhibitory domains (Wallar and Alberts, 2003) . This interaction is thought to hinder the actin assembling activity provided by the highly conserved FH1 and FH2 domains. Removal of the inhibitory regions results in formin activation, and we have shown previously that C-DAAM, a truncated isoform of dDAAM lacking the N-terminal autoinhibitory domains (Fig. 7A ), behaves as a constitutively active formin when expressed in the embryonic CNS ). Here we found that OK107-Gal4-driven overexpression of UAS-C-DAAM induces very severe growth and guidance defects in the MB axons. Most notably, unlike in wildtype (Fig. 7B) , these axons fail to project anteriorly and form a huge unstructured, randomly oriented network of projections with very prominent but misprojected bundles in the posterior region of the brain (Fig. 7C ). This phenotype is consistent with C-DAAM acting as an unregulated formin, promoting actin assembly in an uncoordinated manner and thereby preventing directed growth cone motility. When we addressed whether this C-DAAM induced gain-of-function phenotype was dependent on the presence of functional Dsh proteins, we found that the dsh 1 mutation had no effect on the axonal growth defects generated by C-DAAM overexpression (Fig. 7D) . Therefore, this analysis indicated that Dsh is likely to act upstream of dDAAM in the MB neurons, which is consistent with vertebrate studies demonstrating that the mammalian and 
dDAAM is activated by Dsh and Rac1
Although binding to Dsh might be critical to the correct spatial and temporal regulation of dDAAM activity, previous work established that DRF family formins are regulated by Rho GTPases. Most relevantly, we found that dDAAM is regulated by Rac GTPases but not RhoA and Cdc42 during embryonic CNS development . Therefore, we examined whether GTPase binding is important for dDAAM function in the MB neurons. To this end, we mutated the GTPase binding domain (GBD) of dDAAM in the same way as published for hDaam1 (Ang et al., 2010 ) (see also Materials and Methods), and assessed the mutant transgene (UAS-FLDAAM-GBD2) (Fig. 7A) in rescue experiments. Neuronal expression of UAS-FLDAAM-GBD2 in a dDAAM Ex4 mutant background barely rescued the MB axonal defects (18.91% rescue in the ␣ lobes and 14.75% in the ␤ lobes) (Fig. 7E) . This observation suggested that binding of a Rho family GTPase is important for dDAAM function in the context of MB development. To determine which GTPase may act together with dDAAM, we tested mutations affecting the Drosophila members of the Rho GTPase family in a dominant genetic interaction assay. Similarly to embryonic neurons, heterozygosity for Rac1 strongly enhanced the axonal growth defects of dDAAM Ex1 (Fig. 7F ), whereas Rac2, Mtl, RhoA, and Cdc42 did not significantly increased them ( Fig. 7F; and data not shown) . Collectively, these data indicate that Rac1 is a crucial regulator of dDAAM function in the MB neurons. Additionally, because the impairment of Rac1 binding severely but not entirely abolished the activity of dDAAM, we conclude that Rac1 is likely the major but not the only activator of dDAAM.
Given that dDAAM acts downstream of Dsh in the MB neurons, and vertebrate studies revealed that Dvl proteins activate Daam1 by alleviating the autoinhibitory mechanism through binding to the C-terminal autoinhibitory domain of Daam1 (Liu et al., 2008) , Dsh is a strong candidate for being also involved in dDAAM activation. If Rac1 and Dsh are both required for dDAAM activation, we predict that the dsh 1 phenotype is sensitive to Rac1 level, similarly to the lack of dDAAM. Indeed, unlike dsh 1 alone, the dsh 1 /Y; Rac1 J11 /ϩ mutant combination displays a strong early axonal growth termination phenotype that is nearly identical to the dDAAM Ex1 , dsh 1 /Y double mutants (Fig. 5A ). Together, these observations are in accordance with the view that, in vivo, the autoinhibited dDAAM protein is activated by Rac1 binding to the GBD domain and Dsh binding to the DAD domain. (F, F) , activated dDAAM (DADm-DAAM-GFP) (E, E), or a loss of fz function (J, J), in addition to various effects on the dorsal lobes, results in overprojection of the ML axons that lead to an ML fusion phenotype (indicated by arrows). The ML fusions induced by Vang or Wnt5 are partly suppressed in a dsh 1 mutant background (B, B, G, G) and by Rac1 J11 /ϩ (C, C, H, H), whereas the dDAAM Ex1 mutant nearly completely suppresses the overextension of the medial axons (D, D, I, I ). K, Quantification of the ML fusion phenotype of the genetic combinations indicated. Unlike LOF for fz, GOF for Vang, Wnt5 or dDAAM has equally strong, high penetrance effect that is reduced to ϳ55% by dsh 1 or Rac1 J11 /ϩ, and almost entirely by dDAAM Ex1 .
dDAAM is controlled by Wnt5 and Vang in the ␤ lobes Previous work revealed that dsh and pk mutants show no lobespecific effects, but fz mutants exhibit a predominant loss of dorsal branch extensions, whereas Vang mutants preferentially lose the medial branches of the MB (Ng, 2012) . Given that the dDAAM mutants exhibit no clear lobe specificity, a dDAAM contribution seems essential to axon development in both MB lobes. In view of our data with regard to Fz/Dsh/dDAAM interactions, the strong fz requirement in the ␣ lobes can be explained by assuming that Fz promotes dorsal branch extension by activating dDAAM through Dsh and Rac1. By contrast, fz plays a negligible role in the ␤ lobes; instead, ␤ lobe development appears to be controlled by Vang and Wnt5. Thus, we addressed the question whether dDAAM is linked to Vang and Wnt5 during medial lobe (ML) formation. It is known that, upon MB-specific overexpression of Vang or Wnt5, the ␤ lobe axons fail to terminate properly at the CNS midline and display a ML fusion phenotype (Fig. 8A ,AЈ,F,FЈ, arrow; quantified in Fig. 8K ) (Grillenzoni et al., 2007; Ng, 2012) . We noticed that expression of an activated form of dDAAM, lacking the C-terminal DAD domain (UAS-DADm-DAAM::EGFP) (Fig. 7A) , also caused an ML fusion phenotype in addition to thinner or missing dorsal lobes (Fig. 8E ,EЈ,K; this activated form has a weaker phenotypic effect than C-DAAM, which almost completely abolishes neurite formation). To test whether Wnt5 and Vang signal through dDAAM in this context, we examined the effect of Wnt5 and Vang overexpression in a dDAAM mutant background. dDAAM Ex1 almost completely suppressed the overextension of the ␤ lobe neurons caused by excess Wnt5 or Vang (Fig. 8D,DЈ,I ,IЈ,K), suggesting that dDAAM is a major cytoskeletal effector of Wnt5 and Vang in the MLs.
Although, in contrast to Wnt5 or Vang overexpression, excess of Dsh (UAS-Dsh/ϩ; OK107-Gal4/ϩ) rarely caused ML fusion (in 5.5% of the lobes) (Fig. 8K ) , LOF analysis clearly revealed a dsh requirement during ␤ lobe development (Fig. 4C) . In addition, our data indicated that Dsh and Rac1 are required for dDAAM activation during MB development, and thus we asked whether Dsh and Rac1 are required for the Wnt5-or Vanginduced ML fusion phenotype. The dsh 1 mutation partially (in ϳ45% of the cases) suppressed the occurrence of the ML fusions typical for Wnt5 and Vang overexpression (Fig. 8 B , BЈ,G,GЈ,K ) . Likewise, the Rac1 J11-null mutation also exhibited a comparable partial suppression (Fig. 8C,CЈ, H, HЈ,K ) . Together, these results indicated that Rac1, Dsh, and dDAAM act downstream of Wnt5 and Vang in the ␤ lobes.
We then tested whether Vang, similar to Fz, promotes the association of Dsh and dDAAM. S2 cells were triple transfected with Vang::Flag, dDAAM::HA, and Dsh::GFP constructs, and protein localization was compared with the corresponding double transfections (Vang-dDAAM, Vang-Dsh, Dsh-dDAAM). We found that, unlike Fz, the presence of Vang does not significantly enhance the colocalization between Dsh and dDAAM ( Fig. 9A-D) . Conversely, Dsh exhibits a partial colocalization with Vang (both in triple and double transfected cells; Fig. 9E -EЉ, quantified in Fig. 9G,H) that is stronger at the cell membrane than in the cytoplasm. Remarkably, dDAAM also shows a strong colocalization with Vang at the plasma membrane and also intracellularly, independent of the presence of Dsh (Fig. 9A-D,F-H) . Thus, these data revealed that Vang by itself is not sufficient to promote the Dsh-DAAM binding in S2 cells, but unexpectedly, Vang is able to associate with dDAAM.
Together, our results suggest that Rac1, Dsh, and dDAAM are common elements of a dorsal lobe-specific Fz-dependent guidance pathway and a Vang-dependent ML-specific guidance system, which implies that Dsh and dDAAM are able to participate in two 
Discussion
Here we have shown that the formin dDAAM plays an important role in the regulation of axonal growth and guidance of the Drosophila MB neurons. Several lines of evidence suggest that dDAAM acts in concert with Wnt5 and the core PCP proteins to ensure correct targeting of the KC axons. We found that dDAAM functions downstream of Dsh and Rac1, and its ability to promote actin assembly is absolutely required for neural development in the MB. These data suggest a simple model in which axon guidance cues, such as Wnt5, signal through the PCP pathway to activate dDAAM to control actin filament formation in the neuronal growth cone. Thus, PCP signaling appears to be linked to cytoskeleton regulation in a direct way, and our results provide compelling experimental evidence suggesting that, at least in neuronal cells, the major cellular target of PCP signaling is the actin cytoskeleton.
Formins are highly potent actin assembly factors that are under tight regulation in vivo. The major mechanism of controlling the activity of the DRF subfamily involves an intramolecular autoinhibitory interaction between the N-terminal DID and the C-terminal DAD domains (Wallar and Alberts, 2003; Chesarone et al., 2010 (Fig. 5A) , suggesting that dDAAM must receive Dsh-independent regulatory inputs for which Rac1 is a prime candidate. Although previous work indicated that Rho GTPases might function downstream of Dsh in a linear pathway (Fanto et al., 2000; Habas et al., 2003) , our data suggest that Dsh and Rac1 act in parallel pathways in the MB. As the impairment of GTPase binding severely, but not completely, abolishes dDAAM activity, we conclude that Rac1 is likely to have a stronger contribution to dDAAM activation in vivo; nonetheless, the simultaneous binding of Dsh appears to be required for full activation.
Presumably, the most remarkable feature of the PCP system relies in its ability to create subcellular asymmetries (Adler, 2002; Goodrich and Strutt, 2011) . Therefore, it is a tempting idea that, upon guidance signaling, the PCP proteins are involved in the generation of molecular asymmetries within axonal growth cones, yet recent attempts failed to reveal such polarized distributions in MB neurons (Ng, 2012) . Interestingly, however, it was shown that Fz and Vang display a differential requirement during development of the MBs, with Fz predominantly acting in the dorsal lobes and Vang predominantly acting in the MLs (Ng, 2012) . We found that, in contrast to Fz and Vang, dDAAM plays a crucial role in both lobes of the MBs. Additionally, we demonstrated that Fz promotes the formation of membrane-associated DshdDAAM complexes in S2 cells. This result, together with our genetic data, suggests that dDAAM acts as the downstream effector of a Fz/Dsh module, which is required for the correct growth and guidance of the dorsal MB axon branches (Fig. 10) .
In addition to their potential connection to Fz signaling in the dorsal lobe, we linked dDAAM and Dsh to Vang-and Wnt5-dependent ML development as well. Wnt5 and Vang have an identical effect on ML development when overexpressed, and this GOF phenotype can be suppressed by the same set of mutations (dDAAM, dsh, Rac1) . In particular, the putative PCP-null dsh 1 allele and heterozygosity for Rac1 cause an almost equally strong, yet partial, suppression with regard to the ML fusion phenotype. This is best explained by assuming that Wnt5 and Vang signal both in a Dsh-dependent and in a Dsh-independent, but Rac-dependent, manner. With regard to dDAAM, we have shown that dDAAM nearly completely suppresses the GOF of Wnt5 and Vang, and we found that Dsh and Rac1 both contribute to dDAAM activation. Collectively, these data suggest a model in which Wnt5 and Vang promote ␤ lobe extension by signaling to Dsh and Rac1 that will activate dDAAM in parallel to each other (Fig. 10) . The colocalization of Vang and dDAAM, observed in S2 cells, indicates that they may bind each other directly, which would be in good accordance with genetic data suggesting a close functional link between dDAAM and Vang during ␤ lobe development. However, formins are not known to bind Vang proteins; therefore, an indirect interaction, mediated by Rac1, which has recently been shown to be bound and redistributed by Vangl2 in epithelial cell lines (Lindqvist et al., 2010) , appears a more likely possibility.
As discussed above, and contrary to Vang, Fz does not appear to be required for ML development, or if anything, it might play an opposite role, as loss of fz leads to ML fusion in 16.1% of the lobes (Fig. 8 J, K ). This is a surprising observation at first glance as Wnt proteins are thought to activate members of the Fz receptor family, but former analysis of Wnt5 signaling during MB development also failed to reveal a Fz require- Figure 10 . Hypothetic model for PCP signaling during axon growth in the MB. In ␣ lobes, axon branch extension appears to be controlled by the Fz receptor, which presumably perceives a Wnt signal. Once activated, Fz recruits Dsh, and potentially Rac1, which will both contribute to the activation of the formin dDAAM, a cytoskeletal effector element involved in filopodial actin polymerization. In the ␤ lobes, Wnt5 and Vang cooperate, most likely through an as yet unidentified coreceptor, to promote ␤ lobe extension by signaling to the same or a similar Dsh/ Rac1/dDAAM module that is at work in the growth cone of the dorsally running axons. Thus, we propose that Dsh, Rac1, and dDAAM form the core of a common effector system, which is used by both the dorsal and ML-specific guidance cues to direct changes of the actin cytoskeleton in the growth cone of the MB axons. ment in the ␤ lobes (Grillenzoni et al., 2007) . Instead, Wnt5 has been linked to other type of Wnt receptors, the Ryk/Derailed atypical tyrosine kinase receptors, which are known to be involved in axonal guidance in flies (Grillenzoni et al., 2007; Sakurai et al., 2009 ) and vertebrates (Liu et al., 2005; Keeble et al., 2006; Schmitt et al., 2006; Fradkin et al., 2010) . In light of these results, it will be of future interest to analyze the Wnt5-Vang connection in the MB in more details and identify the Wnt5 receptor in this context. Consistent with the lack of lobe-specific requirement for dsh and dDAAM, our studies revealed that Dsh, dDAAM, and Rac1 are used as common effector elements of a dorsal lobe-specific Fz-dependent signal and a Vang-dependent ML-specific signal. It follows that Dsh and dDAAM are likely to take part in two types of PCP complexes. Although, in vitro, Dsh has the ability to interact with both Fz and Vang (Rothbächer et al., 2000; Bastock et al., 2003; Wong et al., 2003; Jenny et al., 2005) , the conclusion that Dsh functions downstream of Vang in the ␤ lobes is markedly different from the classical PCP regulatory context in which the Fz/Dsh and Vang/Pk complexes have opposing effects (Adler, 2002; Maung and Jenny, 2011) . Thus, this result, together with the Wnt5-Vang data, substantiates the earlier findings that the PCP system operates at least partly differently in neurons than during tissue polarity signaling (Ng, 2012) .
During PCP signaling, the vertebrate DAAM orthologs control convergence and extension movements, polarized cell movements during vertebrate gastrulation (Habas et al., 2001; Wang and Nathans, 2007) . In contrast, dDAAM is dispensable for classical planar polarity establishment in flies , suggesting that the tissue polarity function of DAAM might be restricted only to vertebrates. Despite the lack of direct function in establishing tissue polarization, we provide evidence that dDAAM is linked to the PCP pathway in another important regulatory context, notably directed neuronal development in the adult brain. Consistent with our results, recent studies revealed that PCP signaling and DAAM regulate neural development in planarians and in Xenopus embryos (Beane et al., 2012) . Given that the vertebrate PCP proteins are known to be involved in multiple aspects of CNS development (Wada and Okamoto, 2009; Tissir and Goffinet, 2010) , and the vertebrate DAAM orthologs are strongly expressed in the CNS (Nakaya et al., 2004; Kida et al., 2007) , it is conceivable that the PCP/DAAM module represents a highly conserved regulatory system that is used to regulate various aspects of neuronal development throughout evolution.
